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ABSTRACT

The natural convection heat transfer
between arrays of horizontal, hcnted cylinders and
their isothermal, cool.cd en:lmurc was experimen-
tally investigated. Four d] flrrcnl cylinder arrays
were uned: two in-line and two etaggercd. Four

fluids (air, wmer, 20 co nilicone, and 90% glycer-

irIc) were used with Prandtl orrmhma ranging from
0.706 to 13090.0, There waa no significant ch: oge
10 the Nucselt number betwaan iaothcrmal md
constant hcnt flIIx conditions of the cylinder
arrays. The avcrago heat trausfcf codftclcnt W-
moat aflcctcd by Lho npxlng between cylinders
and lhc total surf~o area of the cylinder xrrayrr.
Tha cncloeure rcduccd the cxpcctvd incrcace In
both the nvcraga and tha local heat trmrrof~i
.mdllcianta caumd by changing tha inner body
from an in-line nrrnngcincnt to a ntaKgc~cd
●rrangement of compmrnble npnchrg. An h’rcrcnnc
In flahi vitwnity reduced the in flucncc of lhc

KcomoLric cffccto.
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Heat transfer ccdflcicnk,

h = QCOJA,AT
Thcrrnal conductivity
Hypothetical gap width, Re - f?,

Nutsclt number, hX/k, where X is any
chariwt:ristic Icngth
Prandll number, c,~k

Heat trwrofcr by convection

!laylcigh numhcr, ~p20(7’, -- TO)XscP/pk,
where X is ●ny characteristic Icngth

hfodiflcd Rnyleigh number,
Ra; m Rax:~R,)

Radius of a hypothclica! Bphcrc cquxl in
volume to thr volume of onc cylinder
tilncn the number of cylindrrn in LIIC
cylinder nrray

Ilndius of rIhypolheticml ~phcrc cquxl in

vchme t~ the outer body
Charactcri~Lic Icngth,

S -O (R, f/,)( .4,/A,)

Inner body trmpcrxture
outer Imdy tc~lprr2t. ure
Tempcrnturu dilfcrcncer A’f’ -. I ‘1; ‘I;

Any ch~rnctr ristic Icngth
Thcrrnml rxpanfiion coclflclcn L
I)ynrimlc J“i.sconil.y

I{uti(, 0( firclr cirrumftrcncr to ilg

dinmrtw (3. I4\50)
[)cnnilv O( Lho fluid

.



INTRODUCTION

Nstaral convection heat transfer from 8
body to an infinite fluid mcdiam has received
extensive experimental and analytical study in the
paat, while relatively little attention has been
devoted to natural convection within an ●ncl-
sure. The increase in compkxity. caused by the
rmong interaction between the bmmdmy layer
and the adjacent fluid, haa made it difltcult to
obtain a solution to the problem of natural con-
vection in an enclosure. However, interest in this
area is dramatically irrcrcasing because of the
important applications it haa in areaa such as
nuclear reactor technology, electronic instrumcrr-
tatioz packaging, aircraft cabin design, cruclc oil
ntorage tank dcsigu, solar collector design, and
●nergy storage 6y3Ums.

One of Mre first indcptlr experimental stu-
dies of natu~ai coavectioo in enclosures WM per-
formed by Barrington [1]. The heat transfer from
inner bcdma ouch M epheres, cubes, and cylindern
to both sphericaf and cubical enclosures was
investigated.

I,arson, Ckrtling, and Schimmel [2] used
Iaaer intcrfcrometry to cxptrimentally dctcrminc
the t.emperaturc tlcld around a hcntcd, horizontal
cylinder in an isotbcrmal, rcctarrguhr cncloeure.

Dutton and Wclly ~3] conduc~ed an experi-
mental study of natural convection Lest lrannfcr
in no nrray of uniformly lrcalcd vertical cylindero
ourrounocd by n vcrlical, cylindrical cncimrro
with mercury M the fluid medium. Their rcnulta
indicated that the natural convection trc3t
transfer waa fitrorrsly dcpcndcnt on lhc cy!indm
fipacing.

Van l>e !inrrde nnd Ilamcr ~II nludicrf the

fitemdy rind trnmient natural convcctiorr heat
trnn8fcr between borizrmlal, crrnccnlric cylinder8
with connlant hc~t tIUX ~urfncc conditions. Their

rxprrimcrrt showed lhd n nidcwisc displsccmcnt
of the inner cylinder did not allcct lh~ IICI:
trannfur rcoulta. 1Iowcvm, the ovcrrdl heat
trrnnsfcr d-crcIwImf or incr?ancd depcndlng on
whether the inncl cvlindrr wkt almvc or Iwiow the
crntcrl![ls of Lhc :mter cy!lndcr.

Cruppcr lb! pcrfrrrmcrf nn crrpcrimtntrnl
ntudy of naturnl convection hc~i’. lrnnofer brtwccrr
n mt of four Ioothcrmd, heated cyllnderm nnd nn
lno~hrrmnl, cooled, cubicrnl cnclmrurc to drlcrmino
LIICIMccl or tlro ponitionlrrg of tho cylkdcrn wilhlrr
lhc rnclomrrc.

*

Powe [6] investigated the Iimiia of telative
gap width for which available correlation equ a-
tioae for uatural convection heal trana[er in enclo-
Eurea were applicabk. Heat transfer rates for
large reiative gap widths were shown to be limited
by thoseobtained for free convection b an
infinik fluid medium, and this criteria was used to
cafcula~ a maximum relative gap ~idth for which
t’~e enclocure equations were app[-cable. A
minimum realtive gap width for applicxbiii~y of
the enclosure cquatiorra was determined by the
pure conduction limk.

Drown 171 expcrimcnblly etudicd the cffrcls
of reduced pressure on the natural convection
from a cylinder and a cube to a cubical crrclosure.

Powe, Barrington, and ScanIan [8] per-
formed a detailed study of natural convectimr Ilow
phenomena that occur bctwaen a body of rela-
tively arbitrary drape and ita spherical enclosure.
Reaultiag trends in the tlud tiow da~a were esta-
blished ti facilitate better predictions of Lhc heat
transfer in problems of natural convcctiou il
enclosures.
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Figure 2. Thr four cylinder arrnngemcn~

The purpose of lhio study is 10 experimen-
tally inYestig9Le the di99ipzticm of heat by ‘ln!~rrd
convectlorr from nrruya of heated, hmizontal
cylinc!crs to rn cooled, ;Jothcrmal, cul)i~ al cnclo-
nure. The cylindcre tsrc eubjcclcd 1(J LcI.11 isother-
mal nnd conotarrt Irmt flux condition. Four

fluids and four cylinder contlgurationm arc utilincd.
lhe fluids ueed WO nir, wmtcr, VG?6glycerine, imd
20 co dliconc. Tbc four cylinder c(mllgurntions

connid O( two in-line nrrangcmcnto using nine and

sixkcrt rylindcrz atid LWUntog~rrcd nrrsngcmrnt.o
umin~ eight rind fourteen rylinrkrn.

APrA.llATUS AND PROCEDURE

Tba cncloauro rmrd for thin invrotl~,ntlon WM
u cube 20.67 cm nlorrg nn
from 1.27 -cnh-thick, ty I)C

inner nldc, canntructcd
0001, nluminum. A

#

water jacket mrclosurc, which rncasurrwl Mt. 1 rm
oc n side. ~urroundcd the cq]hica! tc~L sp~cr. -1!1r
wakr jacket consislcd of ci irporolc rcrt:in~u[:lr

cbrmncla each 3,175 cm in wltiill, which Envc onc
chnnnrl for each f~ c or the twit Gp;we. TtIc II{)W

of coo!inl wmtcr 10 each of the clranilcls W:M ((xI
by u manifold ny:tcm. ar,d mlj,..ntcd to nlxiu(nin

the cube thx. cnclorwd the lmIL npncr nt inrrtll:.r-
mnl conditions. The conllng water was r(~llrctml
from the writer j~ckct nnd pumped Lhro(l;;h n

. .
chlllrr mk m c.Lor;sgl- tank r,nd Lhcn back in({) lIIC

water jarket. A nchcmmtic Of lhc npl):~rntun is
nhown in Figure 1,

The four dificrcnt nrrangcmcntn of horinJll-
tal hrntrd cylludcrn llI:It wrrc uncd f,~r inn., r
gcoructrim nrc nhowu [n Figure ?. The cylindc; r,
wrrc f.onn~ructcd frt~rn ().:l(klrl-lhii-k ci}.}pcr lj.ltc



10.46 cm brig, and 4.2!! cm oukide diameter.
Copper ●nd cape 0.2S cm thick and 4.22 cm in
diameter were rnoanted to both ertda of each
cylhder. The support structure for each array of
cylinders corraiswd of wooden doweb 0.32 cm in
diameter.

Heat was sn?plied to th.. inside surface of
●ach cy ‘iinder with electrical reeiatance hvat tape
and n direct current power source. Input voltaga
to the heat tapes were controlled individually with
variable power reaismra that were conncckd in

~riea with the heat tapes. The inside surface
tmnpcratures of the cncloaing cube amd the out-
side surface temperatures of the cylinders were
moo itored with embedded copper-constantan
Lhermocouplea.

SixteeD 6uid/geometry combinations Wele
used ta obtain 172 data points, consisting of both
tiothermal and constant beat flux conditions for
the inner geometries After centering one of the
inner geometries in lhe enclosure and filing the

70.0
F
. open s~bols - isothermal

enclosure with one of the UrJids, power was
applied to the cylinderu aad cooling water was
pumped through the water jacket. When equili-
brium waa established (tipproximately 2-4 hours)
and tbe power was iaput to each cylinder, Lhcn
tbe cylinder temperatarea amd the encbsurc tern-
peratrsrmr were recorded.

l’be heat transferred hy natural convection
WM obtained by subtracting the heat transferred
by radiation and c?rrduction from the total

mount of heat transferred. The conduction lms
through tbe stipport ~tructure, through tbc tb(i-

mocouple lead wirm, and through tbe heat ta,>e
Icad wirca was obtained with a one-dimensional
analysis. Because tbe water, 20 cs eiliconc, and
90% glycerine were opaque to radiation, only the
data using air as tbe fiuid needed a correct.ion fo.
radiation. The radiation loss was cxperimenmlly
obtained by evacuating the kst space between
the cylindcm nod the enclosure to a pressure
below SO ~rn and subtracting the conduction
losses from tbc t,otal power input.

t closed symbols - co,lstant heht flux
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RESULTS

me Raykigh number, Nu-elt number,
Prandtl number, and s ratio of characteristic
kngthe were used in several combinations to
correlate the experimental data. When cakulat-
ing the Raykigb and NuaselL numbem for oae in
the correlation equations, i~ was found that three
diflerent characteristic kngths consieterztly yielded
the beat reaal~. The sap width, L, waa defined to
be the dia~ce between hypothetical C( centric
spheres of volumes equal to the actual V( m- of

the enclosure and the cylinder arrays. R waa
dcflned to be the radius of a sphere that WM
equal in volume o that of the cylinder array. B
was the approximate distance tnwcld by the
boundary layer on one horizontal cylinder (aaaum-
&Ig no 90W separation). Ttrisdiataace w= -dcthed
to ho one-half of the outer circumference of a
cylinder.

A compxiaon of isothermal ta constant best
tlux condit; me for one cylinder arrangement is
xt,cwcI in r>. ,:e 3. For any one of the kwr iluids,
the average 14umelt number of the conmarrt heat
flux data coincided very clomly to the isottxrrnal
data, aa waa Lhe case for the three remaining
cylinder arrangements. The average !%nmelt
number was derived using tbe total amount of “
heat tranaferrcd by natural convection from the
cylinder array to the enclosure.

Although there WS48no oignifkant difference
in the average heat transfer coefficient [or the
entire cylinder mrray. the local hc;.L trtanefcr
cocfllcicnt for the cylinder rows ohowcd a notice
nble diflerenca wt.cn changing from iootbermal to
constant heat conditions. When conotant heat

flux conditions were imposed, the UPIM rowo of
cylinders were rorccd to increasingly higher tcm-
pernturea than that of the bottom row or
cylinder.s. Cfccaum tho cnclonurc caused an
incrcruw. in convective activity in the upprr
rcglons of the tcflt npacc, lhc bighcr temperature
of tho upper rown nugmcnlcd the driving poLeil-

tial for tho hmaf trarmfcr, resulting in a hlgbcr
local hcnt transfer cocfRci(’llt for the upper rows.

The best corrcl~ticm h nll .?f the iwthcrmal
44310.wan

Nu[, IS=0,220 lh;wy ([JR, )“”W t to-oz’ , (1)

which had m nvcrrngc pcrccnt devintio,, of !0.48.

Tha pcrconl dcviatlon nt ~ point wne ddtncd an
the qunnt.lty or tho dJLIohite dificrcncc bctw~?cn

the data value and the ●quation value, divided by
the data value. The ●verage percent dev iat ion ia
the 6uns of the individual deviation divided by
Ghe number of data points. The Imt corrcla Lion
for all of the constant heat flux data was

lVM8 E C.2W Ra~= (L/R,)O.w l+oo’e, (9)

which had an average percent deviation of 11.03.

There were two major geometric c ffccb <.vi-
dent in the ●xperimental data. First, a 6tagg’,red
cylinder ~rangernent had o higher average heat
transfer coefficient than an id-line arrangement of
comparable si~e aud spacing. Second, and more
pronounced, was the increaae in the avelage heat
transfer coefficient when the spacing bctwccn
cylinders increaacd and the total surface area of
the cylinder array d+cre~ed. When the results of
this ~tudy were combined with those of Crupper
[5], it hccarne apparrnt that an increase in Lhc
cylinder spacing led to a relative irrcrease in the
local heat trazmfel cocfficicnta of the upper
cylinder rows.

The gecmctric effect of cbarr~inp the
cylinder spacing and totaf surface area bccamc
Ic.ss pronounced with an incrcasc in the I’randtl
number of the fluid medium. However, Lhc
Prandd number of lhe fluid did not influence the
ellect of changing from an in-line xrl .iy to a stag-
gered array of comparable oir.c And .\pac;ng. The
bcaL correlation for the nir, water, 20 m oiliconc,

and QG!?%Ulycerine were:

~uu -0.0007 Ra;w (1,/R,)O.8~ fi-11.171 , (3)

,VLD m 1.045 Ra;iT1 (L/R, )0712J+”’-’ , (4)

fv[l-$ == 0.075 /?a;’”@ (Lm,)~”’~’ /%”“w , (5)

with xvcragr pcrrr-l(t rlevintiono of 11,2(3, 3.LI,

3.08, nod 4.04, rcsm. rtivcly.

All of t.hc rxpcrimental dala from thin invc+
tigation arc 6hown grmphicaily in [:igurc 4, nlnnq
with thc data of Clu!)pm lb! for four horizorrtd
in-line cylindc[rr. As dzown i}t Fi~urc 4, there in
very Iitt;e diflcrcncc between the corrclationn ror

tno in-line nnd the fit~Kgcrcd arrrnngcm( ntn. The
beet corre!ntion for the cornbincd dxtz of the in-
Iiu? nrrurrgcmcnta WM



open symMls - In-?lne arrang~nts

closed s~ls - staggered arrangamnts
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Figure 4. [ICM transfer correlations for the in-line data, the staggered data,
and all of the data combined

4.440 z 104 ~ Ra5 < 1,170 z IG8, (14)

4.6.33 z 104 ~ Ra~ < 8.1S3 z 107, (15)

nnd they had average pcrccnt rlcvi~tion~ or 12.00,
11.86, and 10.74, respectively.

C0NCLUSIN3NS

This invcuti~ntion hna ndd~d to the amount
of nvnilablo dz’, a km best trnnsfcr bclwrcn multi-
ple hodics and an cnclosorc. f)ccm. qc there wm

no apprecixllk diflcrrncr in LIIC nvcrzfie hr~l

transfer cocfflcimt for isnthcrnld and con.qtnnl
heat flux inner body conditions, the apl)lirzbiiity
of the rorrrlntion rcsultn WIYIngreatly i,lcrcwr(l.
Ilowcver, the local hcmt trnnnfcr cocfficirot;l of tht-
i~p~~r ro~? (?[ cy!in[!crs, when comparcll {O LIlc
bottom row or cylindrrmr were Iv,uch highrr ~or
conntnnt hcst ffux innrr body conditiooo than
thry were for isothcrmnl inner body conditinnn.
I’IIc confltnrt heat flux condition forced the upper
ro’++ to n bighcr lcmpcraturc and nugmcntmf the
rlr;]il]f, potcntinl rOr ircnt trnnflhw, wilich rcnullcd
in iiifl,hfr Iocnl hcnt trnrr~kr Coclllcirnf.s for I,he

u



Uppw rows.

’110 distance between cylinders and Lhe

amount of inner body eurface area were the dorn-
iaate fact.ora influencing the average heat transfer
coefllctit. Au increase in the Prandtl number of
the fluid medium dampened the eflecta 01 opacing
aad eorfac e nrea whereaa thr enclosure dampened
the eftectx changing from an in-line to a staggerd
arrangement.
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